Abstract-This work reviews the status of the international OPERA experiment aimed at searching for the ν μ → ν τ oscillation. Development of the emulsion techniques in the preceding DONUT and CHORUS experi ments is described. A brief overview of the NOMAD experiment is given, in which properties of ν τ interac tions were thoroughly investigated. Characteristics of the CERN-Gran Sasso (CNGS) neutrino beam are given, the structure of the OPERA hybrid detector and the functions of its subsystems are considered, and the automatic emulsion scanning technique is briefly reviewed. Uncertainties in reconstruction of event param eters using the electronic and emulsion detectors are discussed and the procedure adopted in the experiment for identification of ν τ interactions is described. The main sources of background in the search for ν μ → ν τ oscillation are considered. Topologies of the first two ν τ candidates observed in the OPERA emulsion detector are presented. Possibilities of increasing the ν τ interaction selection efficiency using multidimensional criteria are briefly discussed.
INTRODUCTION
Though neutrino oscillations were predicted over 50 years ago [1] , it was only recently that the experi mental results reliably interpreted as an evidence of oscillation have been obtained.
The first results that could be interpreted as oscilla tions were obtained in the solar neutrino experiments [2, 3] . Oscillations were observed and their parame ters, difference of masses squared and mixing angles of neutrino mass states, which appear in the Pon tecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [1, 11] , were measured in the experiments with atmo spheric neutrinos [4] [5] [6] , reactor neutrinos [7] , and accelerator neutrinos [8] [9] [10] . In 2012, measurements in the Daya Bay reactor experiment [12] yielded a nonzero value for the mixing angle θ 13 in the PMNS matrix, which had remained unknown until that time.
However, despite obvious advances in the experi mental study of neutrino oscillations, there are still a number of problems to be solved. To date, most exper iments on the search for neutrino oscillations have always been disappearance experiments, i.e., they detected the deficit of neutrinos of a particular type at some distance from the source. At the same time, models predict fluxes of neutrinos of a new type result ing from oscillations, and direct detection of these neutrinos could convincingly prove validity of the the oretical models. As far as ν μ → ν τ oscillation are con cerned, no event by event identification of the tau neutrino born in the final state (to be referred to as the problem of "direct" search for ν μ → ν τ oscillation in what follows) has been carried out yet. The range L of the tau lepton with the Lorentz factor γ is γL = cτγ ≈ 87 μm γ; therefore, the experiment on tau neutrino identification via the weak charged current channel by observing the tau lepton track requires a high (~1 μm) spatial resolution. On the other hand, in order to detect quite a large (~10) number of events induced by tau neutrinos, the mass of the detector must also be quite large (~1 kt).
Being so contradictory, these requirements make the direct search for ν μ → ν τ oscillation an extremely complicated problem. The only high energy particle detection technique that is now capable of meeting the above conditions is nuclear photoemulsions. In the OPERA detector [13] (the main task of which is the direct search for ν τ induced events) the target sys tem comprises about 150000 bricks that are made of lead sheets interleaved with emulsion films. The mass of each brick is about 8.3 kg, and the total target mass is thus about 1250 t, with the spatial resolution remaining at ~1 μm, a value typical of nuclear photo emulsions.
With its total mass of emulsion films about 100 t, OPERA is the largest emulsion experiment ever con ducted. It has become possible due to the nuclear pho toemulsion mass production technology developed by the Fuji Company (Japan) in cooperation with the specialists from Nagoya University and considerable progress in development of automatic photoemulsion scanning systems, which were first used in the preced ing DONUT [14] and CHORUS experiments [15] . Apart from the nuclear photoemulsions, there are also electronic detectors used in OPERA to locate the emulsion brick where the neutrino interaction has occurred and to solve a number of other problems. This review describes the current status of the direct search for ν μ → ν τ oscillation using the OPERA hybrid detector.
Phenomenology of neutrino mixing and oscilla tions (in vacuum and in a medium) has been the sub ject of several dedicated reviews: [16] (Sect. III, see also Sect. VII), [17] (Sect. 1.3-1.5). Therefore, we confine ourselves to a few references. Experimental data on neutrino oscillations are reviewed in [16] (Sect. IV, solar neutrinos; Sect. V, atmospheric neutri nos; Sect. VI, reactor and accelerator experiments), [17] (Sect. 2) ].
Theoretical models with neutrino mixing are dis cussed in [18] [19] [20] . Experimental data on neutrino oscillations, including the latest results of the Daya Bay collaboration, are reviewed by the Particle Data Group [21] . One of the first review article on phenom enology of neutrino oscillations [22] was written soon after the publication of work [4] . The problems in question are briefly discussed in [23, 24] and more recently in [25, 26] . They are also considered in suffi cient detail in the reviews on various aspects of neu trino physics, such as neutrinoless double beta decay [27] . There is also a work in Russian that is worth men tioning [28] . Note that our list of reviews is far from being complete.
In the rest of our paper we deal with the procedure of searching for and identifying tau neutrino interac tions (referred to as "candidate events" in what fol lows) in the OPERA detector. Constraints on the oscillation parameters can be obtained by any of the standard techniques using the sample of candidate events [29, 30] .
Section 1 describes the immediate OPERA prede cessors, which are the DONUT, CHORUS, and NOMAD experiments [31] . Elements of the OPERA detector are considered in Section 2. Section 3 pre sents the technique for reconstructing parameters of events by the hybrid detector, describes the experi mental data analysis procedure, and discusses charac teristics of background events. Calculations show that the ν τ event identification efficiency can be substan tially increased using multidimensional criteria for ν μ /ν τ classification (see subsection "Possibility of Multidimensional Search for ν τ Interactions" herein). Characteristics of ν τ candidates in the emulsion detec tor are given in Section 4. The current status of the experiment is briefly reviewed in Section 5, which is followed by the conclusions.
PREDECESSORS OF THE OPERA EXPERIMENT
Photoemulsions have long and successfully been used in high energy physics for observing charged par ticles [32, 33] . Recently, due to development of auto matic scanning devices, the nuclear emulsion tech
No. 4 2013 SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 705 nique has been revived [34] . The immediate predeces sors of OPERA are the DONUT, CHORUS, and NOMAD experiments. In the first two, a technique very similar to the one used in OPERA was tested. NOMAD accumulated record statistics of thoroughly reconstructed muon neutrino interactions [35] , which allowed fine tuning the parameters of the OPERA event generator [36] used for simulation and data interpretation in the course of the direct search for ν μ → ν τ oscillation.
DONUT Experiment
Though the τ lepton was discovered as far back as 1975 [37] and two types of neutrino, electron [38] and muon [39] ones, had been known by that time, the third neutrino, tau, was directly observed in the DONUT experiment (Direct Observation of NU Tau) only in 2001 [40] because of the difficulties in the pro duction of an intense τ neutrino beam, search for ν τ induced events, and their identification.
Weak neutral current (NC) interactions of all three neutrino types are qualitatively similar in topology. The most reliable way to identify ν τ events is through weak charged current (CC) interactions followed by the production of a short lived tau lepton, which itself is an indication of ν τ . It is the nuclear photoemulsions that allowed direct observation of tau lepton tracks in DONUT.
A technique of changeable sheets (CSs) placed 1 cm away from the emulsion brick boundary along the primary beam direction was used to locate the emul sion area with the tracks of the interaction products. The electronic detectors consisted of a scintillation fiber tracker (SFT) (44 planes of thin scintillation fibers 0.5 mm in diameter) and a spectrometer (a mag net, six drift chambers, an electromagnetic calorime ter, and a separate muon detector placed behind the calorimeter along the primary beam direction). The SFT detectors allowed tracks of charged particles to be reconstructed with a good spatial resolution (~0.3 mm [14] ). The muon momentum was measured by the spectrometer with a relative error Δp/p = 11% for p = 20 GeV/c and 100% for p = 250 GeV/c. The momenta of low energy particles were measured by the multiple Coulomb scattering technique with the resolution Δp/p = 23% for 0.8 GeV/c and 30% for 1.5 GeV/c.
The exposure of the emulsion detector to the 800 GeV beam from the Tevatron (FNAL) was per formed in 1997 and was as high as 3.6 × 10 17 p.o.t. (protons on target). Tau neutrinos were mainly pro duced in decays of D s mesons.
Neutrino interactions were located by the SFT electronic detectors in two steps. First, automatic reconstruction of the interaction vertex was per formed, which allowed the number of candidates for the neutrino interaction in the detector to be reduced by a factor of ≈300 by preserving high search efficiency (≈98% for CC interactions). Second, the events were visually scanned; one of 20 events met the selection criterion on average. Ultimately, 866 neutrino interac tion candidates have been selected for analysis which corresponded to the total search efficiency of 0.72 ± 0.06 for the CC events. After photographic develop ing, emulsions were automatically scanned. The auto matic nuclear emulsion scanning techniques had been the subject of research and development at Nagoya University (Japan) since the 1980s; the processing technique used in the DONUT experiment is described in [41] .
As in OPERA, the main sources of background were weak charged current events with production of short lived charmed hadrons and inelastic interac tions of hadrons with one or three charged hadrons in the final state. Multidimensional Bayesian criteria were used to classify events and select ν τ induced interactions. The first results based on the observation of four candidate events ( Fig. 1) were published in 2001 [40] . Characteristics of nine candidate events at an average background of 1.5 events are presented in [42] . Observed ν τ could equally be tau neutrinos and antineutrinos. The cross section for the interaction of high energy tau neutrinos with the detector material was measured for the first time in the DONUT exper iment.
The discovery of the tau neutrino by the DONUT collaboration has been the most significant emulsion technique achievement in the past years.
CHORUS Experiment
CHORUS (CERN Hybrid Oscillation Research apparatUS) was designed to search for ν μ → ν τ oscilla tion using the emulsion technique [43] and investigate production of charmed hadrons [44] [45] [46] in ν μ interactions. It was a short baseline experiment conducted at CERN in 1994-1997 in the same beam as NOMAD (average neutrino energy 26 GeV, much higher than the ν τ production threshold). The emul sion detector with a mass of 770 kg arranged in four modules along the beam was equipped with an elec tronic tracker and additional CSs for locating the neu trino interaction vertex. The automatic scanning tech nique was the same as in DONUT; the track search efficiency was no lower than 98% for angles <400 mrad with respect to the primary beam axis.
More than 2000 interactions of ν μ with target nuclei followed by production of charmed hadrons were recorded in the experiment. Charmed hadron production cross sections were measured as a function of energy (see Fig. 2 , with the normalization to the total CC process cross section).
NOMAD Experiment
The NOMAD (Neutrino Oscillation MAgnetic Detector) experiment was conducted at CERN over 706 PHYSICS OF PARTICLES AND NUCLEI Vol. 44 No. 4 2013 AGAFONOVA et al.
the period 1995-1998. It was originally aimed at searching for ν μ → ν τ oscillation [35] . The baseline (the distance from the neutrino source to the detector) was only ≈600 m because at the time of designing the experiment (1991) there were indications that ν τ could have a rather large mass of ~1 eV. More than 10 6 weak charged current interactions of muon neutrinos were recorded over the entire data taking period. The detector, placed in the magnetic field of 0.4 T, consisted of drift chambers with a total mass of 2.7 t, a transition radiation detector, an electromagnetic calo rimeter, and a hadron calorimeter [31] . That system was capable of identifying electrons and muons and measuring energies or momenta of leptons, hadrons, and gamma induced showers with comparable errors. Though NOMAD was not an emulsion experiment, it is worth mentioning it here because one of its results was measurement of ν μ interaction cross sections with a high accuracy [47] .
The NOMAD electronic detectors were unable to record a short tau lepton track. The search for ν τ events was therefore based on subtle features of interactions induced by tau neutrinos: presence of secondary parti cles typical of the tauon decay, unlike the case in NC events, and a significantly high missing transverse momentum, which characterizes tauon decay prod ucts due to the presence of one or two neutrinos in the final state. Individual identification of particular events with a high probability is impossible; it is, how ever, possible to impose limits on the number of ν τ interactions in a sample.
The NOMAD data were used to adjust parameters of the OPERA event generator. In [36] the experimen tal and model histograms were compared for the mul tiplicity distribution of charged hadrons, angular dis tribution of hadrons, momentum distribution of had rons, etc. It was shown that the agreement between the experimental and model data could be considerably improved by varying the event generator parameters.
OPERA EXPERIMENT OPERA (Oscillation Project with Emulsion tRacking Apparatus) is aimed at searching for neu [40] : F.L. is the length of the short lived particle track (μm), θ kink is the kink angle in the track of the candidate for the tauon (mrad), p is the momentum of the daughter particle resulting from the decay (GeV/c), and p T is the component of the daughter particle momentum orthogonal to the primary beam (GeV/c). Passive elements of the emulsion detector (steel plates) are shown in grey, emulsions are shown by hatching, and plastic emulsion bases are unhatched. The scale is indicated by two perpendicular lines 0.1 mm long (vertical) and 1 mm long (horizontal).
No. 4 2013 SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 707 trino oscillations using an emulsion detector. Prepara tion of the project began in 1998 [48] , when observa tion of neutrino oscillations in the Super Kamiokande experiment was reported [4] . That experiment dem onstrated dependence of the number of atmospheric muon neutrinos on the distance between the detector and the assumed place of neutrino production in atmospheric cascades from cosmic rays. Disappear ance of muon neutrinos was experimentally detected, and oscillation parameters were estimated. The results of the experiment showed that a promising way to investigate muon neutrino oscillations was through long baseline experiments with the accelerator pro duced neutrinos.
However, the question of how oscillations occur and where muon neutrinos disappear remained an open question. The most probable model was sup posed to be transformation of muon neutrinos to tau neutrinos, but there were other scenarios as well, which included, for example, participation of sterile neutrinos, a possibility of neutrino decay, etc. There fore, experimental observation of ν μ → ν τ oscillation through appearance of tau neutrinos in a beam of muon neutrinos at a distance from the source was a problem of burning importance. The first events induced by the CNGS (CERN Neutrinos to Gran Sasso) beam (its characteristics are given in the next subsection) in 2006 occurred mainly in the rock upstream of the detector, in the passive structures, and in the massive elements of the magnets and were recorded by the electronic detectors alone [49] (see subsection "Electronic Detectors"). Charac teristics of CSs used to refine the vertex finding by using the electronic detectors were also investigated during that test run [50] . At the preparatory stage of the experiment much attention was paid to choosing an appropriate lead alloy for target plates [51] since the level of its natural radioactivity affected the back grounds in the nuclear emulsion and complicated track search (emulsion detectors are described in the subsection "Emulsion Detectors").
Only 38 interactions of neutrinos with the OPERA detector target were recorded in 2007 because of CNGS beam problems. The first significant sample of neutrino events was obtained in 2008 [52] . It was ana lyzed using new generation automatic scanning microscopes.
CNGS Beam
The distance from CERN SPS to the Gran Sasso Lab oratory is 730 km [53] , and OPERA, unlike CHORUS and NOMAD, is therefore a long baseline experi ment. Unlike the case in the DONUT experiment, tau neutrinos in the initial beam are a source of back ground during the search for ν μ → ν τ oscillation. How ever, estimates of the primary ν τ flux under the CHO RUS conditions comparable with the CNGS charac teristics showed that the flux is negligibly small [54] .
The CNGS beam consists predominantly of muon neutrinos; ν e , and event contaminations are 0.8%, 2.0%, and 0.05% respectively [53] . The sche matic overview of the neutrino beam production com ponents is given in Fig. 3 .
The ν μ spectrum at the Gran Sasso Laboratory level is shown in Fig. 4a . Proton pulses with a duration of ≈10 μs are generated in pairs, separated in time by an interval of 50 ms (Fig. 4b) ; their time structure is recorded by special detectors at CERN with a step of 1 ns [55] . The shapes of the proton and neutrino pulses practically coincide [56] ; an example of the beam time structure is shown in Fig. 4c . Note also a possibility of operation in the Bunched Beam (BB) mode with short pulses ~3 ns long specially intended for measuring the neutrino velocity [55] . In this case, however, the total neutrino flux is low and BB pulses cannot be used for observing oscillation, which actually is the main task of the experiment. Therefore, the total duration of the BB runs was about four weeks. [46] . Squares are events with pro duction of charged charmed hadrons, and triangles are events with production of neutral charmed hadrons.
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Electronic Detectors OPERA is a hybrid detector. It comprises a target consisting of 150000 emulsion bricks and electronic detectors designed for recording the event arrival time, brick finding, i.e., locating the brick that contains the interaction vertex, measuring muon momenta, and indentifying muons [57] . The general view of the OPERA detector consisting of two identical super modules is shown in Fig. 5 .
The first detector installed in the beam upstream of OPERA is the veto detector; when triggered, it indi cates that the neutrino interaction had occurred out side of the OPERA detector. The veto detector con sists of two Resistive Plate Chamber (RPC) planes and covers an area of 10 × 9.12 m 2 orthogonal to the pri mary beam. Apart from the events induced by the CNGS beam, the OPERA detector also records the cosmic muon background, which can be seen in Fig. 4b between two extractions. In addition to the main task of searching for neutrino oscillations, the muon component of cosmic rays is investigated in the scope of the OPERA experiment: for example, the muon charge ratio was measured deep underground [58, 59] .
A few of the events recorded by the OPERA elec tronic detectors are shown in Fig. 6 . The top view and side view of each event are depicted. At the top left there is an event with an isolated muon recorded by the VETO and TT planes beginning with the first one; this topology is an indication of a CC interaction in front of the setup. The CC event at the top right of the figure has a vertex inside the detector and contains a few tracks of charged particles apart from the muon track. The topology of the event at the bottom right is classi fied as an NC interaction with the vertex in the target between the TT planes. Finally, at the bottom left there is a CC event with the vertex in the spectrometer. No. 4 2013 SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 709
The interaction vertex is located by the TT detec tors with the same aperture as that of the target walls, 6.7 × 6.7 m 2 . Each TT plane has four 1.65 m wide modules, consisting of 64 plastic scintillator strips 6.7 m long, 10 mm thick, and 26 mm wide. The light yield of the scintillators is measured with Kuraray wavelength shifting fibers 1 mm in diameter, which are in optical contact with the Hamamatsu H7546 64 channel photomultiplier tubes (PMTs). The TT is described in detail in [60] .
Each OPERA supermodule has a magnetic spec trometer to measure muon momentum. The spec trometers consist of a magnet with RPCs in its iron plates and a system of drift tube coordinate detectors (High Precision Tracker, HPT). The core of each magnet consists of 12 iron plates alternated with RPCs (11 RPCs in each half of the core). The plates are 50 mm thick and 8.75 × 8.3 m 2 in area. A current of 1600 A runs through the coils and generates a mag netic field of 1.52 T. The field strength inhomogeneity over the height of the OPERA detector is ~3% [61] . The RPC system [62, 63] is equipped with additional inclined modules which are installed at an angle of 42.6° with respect to the horizon and help reconstruct particle tracks more accurately. Each spectrometer has six HPT modules [64] , which allow track parameters to be reconstructed with a resolution of ~0.3 mm, thus making it possible to measure the muon momentum and charge sign.
Emulsion Detectors
The design and general view of an emulsion brick, the basic element of the OPERA detector, is shown in Fig. 7 (apart from its main part, the emulsion cloud chamber (ECC), a CS envelope attached to the brick is also shown). Each of 57 ECC plates consists of a plastic base 205 μm thick with two photoemulsion lay ers 44 μm thick deposited onto it [65] . These plates are interleaved with 1 mm thick lead layers that serve as a target for neutrino detection. The total emulsion area is over 10 5 m 2 (for comparison, in the CHORUS experiment it was 300 m 2 ). Bricks are large enough to allow parameters of tracks in most events to be evalu ated from the information recorded in the brick that contains the interaction vertex. An emulsion brick is 128 × 102 mm 2 in cross section and 79 mm thick, which corresponds to ten radiation lengths.
A typical diameter of the photosensitive emulsion grain is ≈0.2 μm (after developing, it can increase to 0.6 μm). The detection efficiency of the AgBr crystal for a singly charged relativistic particle is ~0. 16 The layout and external view (right) of an emulsion brick for the OPERA detector [13] . Left: the brick in section; middle: zoom on its fragment.
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No. 4 2013 SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 711 charged particle encounters an average of 230 crystals per 100 μm of its path and thus produces ≈36 visible grains. The standard technique for storing and devel oping nuclear emulsions in the OPERA experiment is described in detail in [66] . Nuclear emulsion contains all tracks accumulated over its storage time. The density of the background tracks from cosmic particles is as high as ≈3000 tracks/cm 2 . To reduce the number of these tracks, the emulsion was specially treated by being kept under high humidity at a temperature of >27°C before being delivered from Japan to the Gran Sasso Laboratory [13] . This treatment allows the back ground track density to be reduced by several fold; the characteristic number of fog grains in a volume of 1000 μm 3 after the background track destruction pro cedure is ≈6.
Nevertheless, during transportation the cosmic ray background rises to the level of ≈1000 1/cm 2 again. To eliminate this background, bricks were assembled in the low background laboratory with layers arranged in a different order as compared with that during trans portation. In addition, emulsion layers were inter leaved with lead layers, which also destroyed links between track fragments in individual layers. As a result, the "effective density" of cosmic ray tracks is ≈100 1/cm 2 , including the background effect during transportation.
Automatic Scanning Microscopes
Thorough scanning of large nuclear photoemul sion areas is a complicated technical problem. In the past, the films with the data of the emulsion experi ments were scanned manually by operators using opti cal microscopes; later it was done in a semiautomatic mode. That required much time and great effort, and the probability of various errors was rather high. In the past few years, drawbacks of the previous nuclear emulsion handling techniques have been overcome due to advantages in manufacture of high precision devices, wide use of modern digital cameras for recording optical images, and high calculation capac ity of modern computers. The first completely auto matic nuclear emulsion scanning systems appeared in Japan in the 1990s. They allowed the scanning to be performed more than three orders of magnitude faster as compared with the semiautomatic mode.
In the OPERA experiment, emulsion is scanned using two types of automatic microscopes. In the European laboratories, Russia, and Turkey it is the European Scanning System (ESS) (Fig. 8, left) , and in Japan it is the Super Ultra Track Selector (S UTS) (Fig. 8, right) . The track search procedure is different in these two systems, being software supported in the ESS and based on specially designed hardware in the S UTS.
Russian laboratories participating in the experi ment are equipped with the European type micro scopes, and that is why we describe this microscope in more detail. A prototype ESS microscope and emul sion data quality control procedures are described at length in [67] . Development of effective scanning techniques for nuclear emulsion analysis in the OPERA experiment was also the subject of a few PhD theses [68, 69] . A more recent description of the scan ning process can be found in [70] .
The block diagram of the ESS is shown in Fig. 9 , where (a) is the Nikon optical system, (b) is the Micotron MC1310 fast digital camera, (c) are the MICOS precision scanning tables with stepping motors, (d) is the Nikon light system, (e) is the con trolled light power supply, (f) is the power amplifier for the stepping motors, (g) is the National Instruments 
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controller for the stepping motors and light, and (h) is the MATROX Odyssey XPro vision processor board. The software driven stepping motors move the emulsion plate on the object stage and the microscope objective lens with a precision of 0.1 μm. The image within the camera field of vision is grabbed and trans mitted to a special image processor. Systems operating without immersion oil (so called dry objectives [71] ) are equipped with an automatic plate changing sys tem, which allows practically continuous scanning of emulsion plate stacks. With modern automatic micro scopes, nuclear emulsions can be scanned at a rate of 20 to 100 cm 2 /h.
RECONSTRUCTION OF EVENT CHARACTERISTICS BY THE OPERA HYBRID DETECTOR AND DATA ANALYSIS
A general scheme of searching for ν τ interactions is illustrated in Fig. 10 . Detectors of three types sche matically shown in the figure correspond to three suc cessive stages of analysis: (i) location of the vertex containing brick with the aid of the TT; (ii) analysis of the tracks recorded in the CS; and (iii) scan and anal ysis of the ECC in compliance with the CS indication. In this section we give a detailed description of this scheme [48, 72] .
First of all, quantitative analysis of the data requires a simulation of the detector response (see the next sub section). Then comes the first level of the data analy sis, which is classification of events by the electronic detectors and TT aided search for the emulsion brick that contains the interaction vertex (subsection "Reconstruction of Event Characteristics by the Elec No. 4 2013 SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 713
tronic Detectors"). It also includes the technique for identifying muons, measuring their momenta, and determining their charge from the results obtained by the electronic detectors.
The procedure for reconstruction of tracks in nuclear emulsion using automatic scanning micro scopes is discussed in the subsection "Reconstruction of Tracks in Nuclear Emulsion". The technique for reconstruction of charged hadron momenta by the multiple scattering method, measurement of the gamma ray energy from the characteristics of the gamma induced electromagnetic cascade, and elec tron identification procedure are considered in the subsection "Evaluation of Particle Parameters from Emulsion Data". Then the procedure of searching for the short lived particle decay is described (subsection "Search for Short Lived Particle Decay").
In second to last subsection of this section we dis cuss the main sources of background in the search for ν τ events and the criteria for separation of tau neutrino interactions. The last subsection describes the multidi mensional approach to the problem of the direct search for ν μ → ν τ oscillation.
Detector Response Simulation
As is known, neutrino CC interactions can occur in the deep inelastic scattering (DIS), quasielastic (QE), and resonance (RES) modes. In the latter two cases a considerable part of the primary neutrino energy is transferred to the lepton in the final state. Under the OPERA conditions the main role is played by DIS interactions, which account for more than 90% of all interactions [57] .
Products from DIS interactions are generated by a slightly modified version of the LEPTO 6.1 code [73] (see [36, 48, 74] ). The final state hadronization is per formed using the JETSET 7.4 code [75] . The hadroni zation parameters are adjusted so as to ensure the best agreement between the results of generation and the NOMAD data (see subsection "NOMAD experi ment"). Secondary interactions of the produced had rons inside the nucleus are also considered [76] . Parameters of QE and RES interactions are simulated according to [77] and [78] respectively.
The detector response is simulated using the Geant 3 [79, 80] and VMC codes [81] with the data formats and tools of the ROOT package [82] . For some of the problems, e.g., for evaluating the number of neutrino interactions registered in the detector but occurred outside, the global geometry of Hall C at the Gran Sasso Laboratory surrounded with rocks (a cylinder with a radius of 35 m and a length of 300 m along the primary beam direction) has been considered.
Reconstruction of Event Characteristics by the Electronic Detectors
The OPERA data acquisition system [83] records all events meeting one of two requirements: hits in sev eral consecutive TT planes or high energy deposition in one plane. All significant information (that is, all signals from individual detector modules above the given threshold) arrives at the main computer, where it is sorted out according to the hitting time, and the sig nals from the sensors with the time tag within 3 μs make up an event (additional criteria are described in [57] ). For CC interactions the efficiency of the above mentioned preliminary event reconstruction is >99%; even in the worst case of quasielastic ν τ interactions and the τ → e decay mode it is higher than 95%. Now all the experimental data obtained in 2008 and 2009 have been analyzed. During these two years 31576 events corresponding in time to the neutrino beam arrival were recorded. Rough selection of events with the vertex inside the detector is performed using the special OpCarac algorithm [84] . The probability for correct classification of CC interactions, which are then used to search for oscillations, is 97.6 ± 1.4%.
The electronic detectors are primarily intended for locating the brick in which the neutrino interaction has occurred (Brick Finding, BF). The problem of locating the vertex is solved using the Brick Finder software package [85] . First, three target walls that can most probably contain the vertex are located using the algorithm based on the neural network method. It could be a rather easy problem if some of the reaction products were not emitted into the backward hemi sphere [86] . Next, several other algorithms are applied to reconstruct tracks and the hadron shower axis using the signals from electronic detectors. Then the condi tional intercept of the reconstructed tracks and hadron shower axis with the chosen target wall is sought for. The result is a probability map for the bricks surround ing the vertex. A typical BF efficiency is about 70% for a mixture of CC and NC events when the first brick is removed; the efficiency increases if more bricks sur rounding the vertex are removed for analysis [87] .
The data from the muon spectrometers allow identi fication of muons and measurement of their momen tum and charge sign. It is important to have a high effi ciency for muon identification because ν μ interactions with production of charmed particles (the main source of background), unlike events with tau lepton decay, involve a muon coming from the neutrino interaction vertex. Thus, muon identification is the main criterion for suppressing the background from charmed particles. The measurement of the μ charge is also quite helpful for searching for τ → μ oscillation events: most muons from decays of charmed hadrons have a positive charge whereas the τ -decay results in appearance of μ -. Two algorithms are developed for identifying muons. One of them does not require detailed reconstruction of the muon track; the criterion for discrimination 714 PHYSICS OF PARTICLES AND NUCLEI Vol. 44 No. 4 2013 AGAFONOVA et al.
between μ -and hadrons is the number of the electronic detector planes that contain hits. Ionization losses in one TT and RPC plane differ by 25%, while the nuclear interaction ranges differ only by 10%, and that is why both types of detector layers are treated equally within the first algorithm. If a track is visible in more than 14 layers of the electronic detectors (TT or RPC), it is classified as a muon; the μ identification efficiency is 95.5 ± 1.4%. However, ≈24% of NC events (6% of the total statistics) are wrongly classified. The histogram showing the number of electronic detector planes with hits is presented in Fig. 11 . The contribution from NC interactions (simulated) is shown by the dashed line; these events form a separate peak in the histogram. The other two peaks originate from the CC events that crossed one and two detector supermodules, respectively. The histogram con structed on the basis of the experimental data (circles with error bars) is in the good qualitative agreement with the model predictions (solid line).
The other algorithm requires muon track recon struction. First, the tracks in the event are reconstructed from the coordinates of the detector elements that were hit. Muons are identified using the product of the track length L by the density ρ calculated for the longest reconstructed event track. When Lρ > 660 g cm -2 , this muon identification criterion has an efficiency of 95%.
In events with at least one track identified as a muon the NC event contamination is 5.2%; if the track of the muon candidate traversed at least one spectrometer, this contamination is 0.8%; and in the sample of interactions where, in addition to the above two criteria, there is at least one track identified as a negatively charged muon, the NC event contamina tion is 0.4%. The Lρ distributions for CC events qual itatively looks like the histogram in Fig. 11 (without NC events) and is presented in [57] . The experimental and model Lρ distributions are in good agreement.
Momenta were measured for all tracks identified as muons. If μ did not traverse the spectrometer, the momentum was evaluated from the range in the TT, but in this case it was impossible to determine the charge. Figure 12 shows a comparison of the experi mental (points with error bars) and simulated distribu tions of events for tracks that crossed the spectrometer and were identified as muons with a negative charge as a function of the product of the absolute reconstructed momentum and the charge. The simulated distribu tion was constructed with allowance for the magnetic field uncertainty (⑀ MF ≈ 3%) and the 10% uncertainty in the expected number of muon neutrino CC interac tions ⑀ CC (colored band in Fig. 12 ). As in the previous two cases, the distribution reconstructed from the experimental data agrees with the calculated distribu tion within the uncertainty of the latter. To compare the shapes of the distributions, normalization to unity was performed; χ 2 = 16.56/17 d.o.f. without taking into account ⑀ MF and ⑀ CC ; normalizations of the initial distributions agree within 6%.
The simulated distribution of the ν τ events with the muon decay of tauons resulting from oscillations is also shown in Fig. 12 (arbitrary normalization) for it allows depicting the most important region of momentum values. The average momentum of the muons resulting from the tauon decay is appreciably lower than in the ν μ CC events, -6.8 and -12.7 GeV/c respectively. Events 120
Number of walls Fig. 11 . Number of electronic detector planes with hits [57] . Circles with error bars are the results of the experimental data anal ysis, the solid line is the model prediction (for CC and NC interactions), and the dashed line shows the contribution from NC events calculated by simulation.
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The efficiency of the muon charge determination for the momentum range p = 2.5-45 GeV/c is 98.8%. Correctness of the muon charge reconstruction algo rithm can be verified using contamination events in the beam (see subsection "CNGS Beam"), which give rise to positively charged muons. The measured ratio μ + /μ -= 3.92 ± 0.37% is in good agreement with the calculated value 3.63 ± 0.13(stat.)%.
Reconstruction of Tracks in Nuclear Emulsion
The information from the analysis of the TT data and the probability map built for the target bricks that can contain the event vertex is stored in the OPERA experiment data base. The emulsion bricks are removed by the Brick Manipulation System (BMS) in order of decreasing probability, and their CSs are developed and scanned to validate the brick selection. Analysis of the CS data showed that the root mean square deviation of the distance between the CC events muon tracks reconstructed from the TT and CS data was no larger than ≈12 mm and for the difference of angles it was ≈23 mrad [13] . The TT spatial resolu tion was further improved to 8.6 mm and the angular resolution to 16 mrad [88] .
The track search efficiency in two layers of a CS is 86%. If only tracks in all four emulsions are consid ered, it is 75%. To increase the CS analysis efficiency, ν μ a special procedure for track search in three CS emul sion layers, 3/4 (3/4 search), is used. These short tracks in a single sensitive layer are referred to as microtracks, and two microtracks reconstructed in a single emulsion plate, which are separated by the plas tic base and are segments of the track from one charged particle, are referred to as a basetrack. The 3/4 search increases the CS analysis efficiency to 90%. If the muon candidate recorded by the TT is confirmed by the CS data or at least two tracks that form a vertex are found in the CSs, the corresponding brick is devel oped for subsequent analysis using the information gained in the CS scan. The CS analysis technique of the OPERA experiment is described in detail in [89] .
The scan of the ECC emulsions after the image capture involves the following on line processing cycle:
1. Background subtraction (light intensity equal ization).
2. High frequency image filtration, which allows amplification of the signal from objects of a particular size; in our case these are silver grains in the emulsion, which arise from the passage of a charged particle. [57] . The model distribution is shown by the gray area, the width of which is mainly determined by the error in the expected number of ν μ events. The dashed histogram is the momentum distribution of muons from the τ → μ decay in tauon events (arbitrary normalization).
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6. Calculation of cluster parameters. 7. Elimination of vibration (small accidental dis placement between the frames within the single field of view).
8. Reconstruction of 3D grains in the emulsion from the clusters found at different depths (since the depth of focus is finite, each grain is seen in two to three frames along the vertical coordinate).
9. Reconstruction of tracks from grain positions within a single field of view.
10. Combining of all detected tracks into a sample. The three dimensional intensity distribution within the field of view of the microscope is a (three dimensional) convolution of the point spread function (PSF) with the optical density function of the observed object. Since the grain size is ≈0.6 μm, images obtained with the automatic scanning microscopes should be processed by taking into account the diffrac tion effects. In fact, reconstruction of the optical den sity function of the object (deconvolution) can be per formed, but the currently available resources of com puting systems do not allow this way of on line processing of the large data arrays typically obtained in nuclear emulsion experiment because the number of grains belonging to the tracks is usually very small as compared with the numerous fog grains, which arise during development of emulsions.
The track search is therefore sped up by using sim plified techniques: all three above mentioned func tions are represented as discrete 3D fields of points and, in addition, the problem is factorized (in the hor izontal and vertical coordinates). The method of enhancing dark spots on a light background is based on the use of a two dimensional Finite Impulse Response filter [34] . The OPERA Collaboration has developed two programs for processing emulsion data from the automatic scanning microscopes, SySal (System of Salerno) [90, 91] and FEDRA (Framework for Emul sion Data Reconstruction and Analysis) [92] .
Let us first consider a possible microtrack recon struction scheme, as follows from [34] . Note that in the process of scanning, emulsion grains are not exactly in the focal plane of the microscope (it is fur ther assumed that the focal plane and the emulsion surface are horizontal). Actually, the z coordinate is known with an error dz, which depends on the vertical displacement step of the objective lens of the micro scope.
The straight line approximating the microtrack has the form I + α ⋅ T, where I = (x 0 , y 0 , z 0 ) represents the coordinates of the microtrack reference point, T = (s x , s y , 1) is the vector defining direction of the track, and α = z -z 0 . Let S = (s x , s y ) and n || = (n x , n y ) be the unit vector such that S = Sn || ; n ⊥ = (n y , -n x ) is the nor mal vector. If the horizontal plane in which grain G lies is at a distance Δ z from the focal plane, the vector of the distance from the grain to the track can be expressed as Δ ⊥ ⋅ n ⊥ + (Δ || + S ⋅ Δ z ) ⋅ n || (see Fig. 13a ). Thus, only the longitudinal component n || includes the z uncertainty. The quantity Δ ⊥ , which does not depend on the track shape S, can therefore be the quality cri terion for the microtrack reconstruction.
The Δ ⊥ distribution constructed from the analysis of the experimental data is shown in Fig. 13b No. 4 2013 SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 717 sion plates is >95% [93] . It decreases to ≈91% with increasing angle of the tracks with respect to the pri mary beam axis over the range of 0 to 400 mrad. After the microtracks are found, they are con nected to form basetracks. This level of the recon struction is well illustrated by the two dimensional distribution of parameters σ and a number of grains in the basetrack. The quantity σ is the basetrack quality parameter defined as σ = + where ΔS ⊥(||) is the transverse (longitudinal) slope difference between the approxi mations of the microtracks and the basetrack. The two dimensional distribution of the above mentioned parameters is shown in Fig. 14 (it should be borne in mind that in [34] the average number of grains arising from the passage of a singly charged par ticle through 100 μm of emulsion is ≈31). The dashed tilted line in the figure is the boundary between the two regions in the basetrack selection procedure. After the procedure the residual background of "noise" tracks is 1 basetrack/cm 2 . The next level is reconstruction of long particle tracks passing through many emulsion plates, which are referred to as volume tracks. One of the most important characteristics at this processing level is the tracking efficiency, defined as a ratio of the number of detected basetracks to the total number of emulsion plates for the sample of ionizing particle tracks travers ing all the emulsion brick. In the case of almost orthogonal tracks, the average tracking efficiency is ≈93%.
More particulars about the high speed scanning efficiency can be found in [93, 94] . Ultimately high precision that can be achieved in track reconstruction using modern optical microscopes is discussed in [95] .
Evaluation of Particle Parameters
from Emulsion Data For successful identification of ν τ after the recon struction of the volume tracks in the emulsion brick it is necessary to evaluate parameters of charged parti cles produced in primary neutrino interactions and a few characteristics of the event as a whole (for details, see [48, 87] and subsection "Characteristics of Back ground Events and Standard Selection criteria for ν τ Interactions" in this review).
With nuclear emulsions, the charged particle momentum p can be measured by evaluating the angle of multiple scattering in lead layers. The hadron momentum reconstruction procedure in the OPERA experiment is described in detail in [96, 97] . The so called angular method is used: p is measured from the angles of deviation of track segments from the straight line. The angular method allows measurement of p ranging from several hundreds of MeV/c to a few GeV/c. The relative error of measurements increases with increasing momentum. The 1/p distri bution is a Gaussian one (see expression (1) in [97] ), and it is therefore convenient to give evaluation errors of this quantity.
For tracks perpendicular to the emulsion surface and traversing all 56 lead layers of one brick the error in the measurement of the parameter 1/p estimated by simulation is ≈14% for p = 1 GeV/c, ≈20% for p = 4 GeV/c, and ≈26% for p = 8 GeV/c. The p and 1/p Two dimensional distribution in parameters σ ("quality parameter") and a number of grains in the reconstructed base tracks [34] . Two regions are seen, one with a small number of grains and large σ (region of fake tracks) and the other with a large number of grains and small σ (region of correctly reconstructed tracks).
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distributions for p = 4 GeV/c are shown in Fig. 15 . As the number of the crossed layers decreases, the error in the reconstruction of 1/p increases: for p = 4 GeV/c and 20 plates it is ≈32%.
In the energy range of 1 to 10 GeV electrons, unlike charged hadrons, lose energy mainly through bremsstrahlung. This allows electrons to be identified on the basis of the emulsion data [98, 99] . In [98] , an algorithm for discrimination between electrons and charged pions using the neural network is considered. The input data for the neural network are characteris tics of the longitudinal, transverse, and angular distri butions of the electromagnetic cascade produced by an electron in the emulsion brick. For energies >2 GeV the electron identification efficiency is ≈90%, and the error of the wrong classification of pions is <1%. A slightly different technique based on the features of multiple scattering that are specific of electrons and pions is described in [100] .
The same neural network can be used to recon struct electron and gamma ray energy using the elec tromagnetic shower characteristics with an error of <30% for E γ > 3 GeV [101] . Note also that measure ments of the track ionization density allow discrimina tion between protons and charged pions with a momentum of ~1 GeV/c [102] .
Search for Short Lived Particle Decay
As was already mentioned, good spatial resolution of nuclear emulsions allows direct observation of the track left by a tau lepton produced in tau neutrino CC interactions. To this end, it is necessary to find and scan the region around the primary neutrino interac tion vertex. The search for the vertex leans on the CS prediction. All tracks detected in the changeable sheets are followed backwards through the emulsion layers until they disappear in three consecutive plates; this indicates that there is a vertex nearby, either the primary vertex or the short lived particle decay vertex. An area of 1 cm 2 is then scanned in 15 layers around the vertex. The total efficiency of this vertex location procedure (beginning with the Brick Finding proce dure) is about 60%. Finally, the tracks found in the region around the vertex can be followed down to the exit from the emulsion brick and, if necessary, in the next bricks.
The standard procedure of searching for the decay of a short lived particle (Decay Search, DS) in the OPERA experiment is described in [103] . It is used to search for ν τ events and ν μ interactions with produc tion of charmed hadrons. From the point of view of the DS algorithm it is possible to divide all events into two main types, interactions with a reconstructed ver tex and events with an isolated muon or hadron. SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 719
In the former case, analysis of the first plate behind the interaction vertex along the primary beam direction is particularly important. The vertex region is visually inspected. At this stage it is possible to identify tracks of electron-positron pairs, which are not used in the DS procedure. Then the distribution of the impact param eter (IP)-a distance from the track to the recon structed vertex-is constructed. Over 95% of tracks in ν μ interactions without production of charmed particles have IP < 10 μm (most of the IP > 10 μm values arise from multiple scattering of low energy hadrons in the lead layers of the emulsion brick).
Let VD be the distance from the emulsion plate to the reconstructed interaction vertex. Tracks with IP > 10 μm for VD < 500 μm or IP > (5 + 0.01VD) for VD > 500 μm and with the evaluated momentum larger than 1 GeV/c are candidates for the decay particle track and are further examined. There are two main types of decay: short decays (which occur in the lead plate where the vertex is located) and long decays (in this case tracks of the parent and daughter particles are seen in the emulsion). The search for short and long decays is detailed in [103] . In the case of an isolated muon or hadron, the search for a long decay is also possible through recognizing a track kink.
Characteristics of Background Events and Standard Selection Criteria for ν τ Interactions
After the decay particle track is found, the analysis is reaching the final stage when ν τ interactions are identified amidst the backgrounds events [87, 104] . Characteristics of the background were thoroughly studied to develop the criteria for the tauon event search. According to [104] , the main sources of back ground are the ν μ interactions with production of charmed hadrons and the large angle inelastic scatter ing of hadrons and muons (the muon background is evaluated in [48] ).
Calculations show that production of charmed particles is the most important source of background; its contribution is about 75%. A distribution by one of the parameters, the decay track length for charmed events, is depicted in Fig. 16 . The events recorded in the experiment are shown by circles with error bars, and the solid line is the simulation. A detailed investi gation of the background from charmed hadrons under the OPERA experimental conditions can be found in [105] .
The second largest source of background is inelas tic scattering of hadrons in target brick lead. To verify the inelastic hadron scattering model used, hadron tracks in some of the scanned events were analyzed for scattering. In addition, a similar analysis was per formed with a few emulsion bricks specially exposed to a beam of charged pions with a momentum of 4 GeV/c. Dependence of the transverse component of the scattered particle momentum vs. the total momen tum for the second of the above samples is shown in Fig. 17 . As is evident from the figure, none of the detected events falls within the region p T > 0.6 GeV/c and p > 2 GeV/c, where the tau neutrino interactions are searched for.
The first candidate event was observed in the τ → h channel; it satisfied all the selection criteria estab lished as far back as the time of the experimental project proposal [48] .
For the tracks at the primary vertex these criteria are as follows: None of the tracks is identified as an electron or a muon (otherwise it is an electron or muon neutrino CC interaction respectively).
The momentum in the direction orthogonal to the primary beam (missing transverse momentum) is no higher than 1 GeV/c (this criterion selects well recon structed events).
The azimuthal angle φ between the tauon candi date and the total momentum vector of the other had rons is larger than π/2 (calculations show that the average φ in the events with decays of charmed had rons is smaller than in ν τ interactions).
For the long and τ → h decays the criteria are as fol lows:
The kink angle is >20 mrad (to suppress the back ground from small angle hadron and muon scatter ing).
The decay vertex is within two lead plates away from the neutrino interaction vertex (to suppress the background from inelastic hadron interaction because the interaction probability increases with increasing distance).
The momentum of the visible decay products is >2 GeV/c (there can be gamma induced cascades at the decay vertex).
The daughter momentum component orthogonal to the primary beam is >0.6 GeV/c; if there are cas cades from gamma rays emitted at the decay vertex, this momentum cut value decreases to 0.3 GeV/c (see discussion of Fig. 17 ).
In the middle of 2012 observation of the second candidate event in the τ → 3h channel was reported [106] . In addition, the report [106] presented the first limits on the oscillation parameters sin 2 (2θ 13 ) and Δ obtained in the OPERA experiment.
Possibility of Multidimensional Search for ν τ Interactions
Since the search for and identification of events in the OPERA detector are complicated procedures, the average efficiency for locating interaction vertices in the emulsion bricks is ≈60% [104] . Additional loss of the useful signal occurs at the stage of searching for short lived particle decay. As is shown in the previous section, rather stringent kinematic cuts are imposed on the candidate events to decrease the background, which leads to further decrease in the efficiency of the search for ν τ events. According to [104] , the total effi ciency of the search for ν τ interactions using the stan dard technique is ≈7%, and the mean number of tauon events expected for five years of the experiment is only ≈7.5. It is therefore important to optimize the ν τ sepa ration criteria. This is possible with multidimensional criteria, which take into account the relationships between various interaction characteristics. Recall that the multidimensional classification technique was successfully used in the DONUT experiment (see "DONUT Experiment").
Multidimensional criteria for separation of tauon events were first used for the τ → 3h decay channel [104] . The hatched areas are the forbidden p < p T region and the region excluded by imposing an additional cri terion on p T . The rectangle at the top right is the region of the parameter values to be satisfied by the τ → h candidate events in the OPERA emulsion detector.
No. 4 2013 SEARCH FOR THE ν μ → ν τ OSCILLATION WITH THE OPERA HYBRID DETECTOR 721 [107, 108] . They allow the coordinates of the tau lep ton decay vertex to be determined with a high accu racy, which substantially simplifies the search for ν τ interactions. The opposite case with very scarce information about the event was considered in [109] (and, in addition, calculations were performed for low primary neutrino energy of only 10 GeV and for the short decay, which make the problem even more com plicated). A topology with three tracks, one from a muon and two from hadrons, is given as an example in [109] . These events are difficult to classify because the two hadron vertex can be both the primary neutrino interaction point and the D 0 decay vertex. In the case of the τ → μ decay, identification of a muon does not help separate candidate events in this channel either.
In [109] interactions were classified using multidi mensional Bayesian criteria [110] based on seven parameters: three particle momentum values, three angles between the tracks, and IP (here it is the dis tance from the vertex to the muon track). A simplified emulsion brick response model was developed; it employed the Neugen 3.5.5 event generator [111] , an official software package of the MINOS Collabora tion, and the Geant4 software toolkit [112] for tracing primary neutrino interaction products. It was shown that within the approximations used it was possible to separate ≈75% of ν τ interactions with the classification error of charmed events being ≈3%. The 75% effi ciency applies only to the last stage of ν τ event identi fication, when the decay of the short lived particle, a tauon candidate, has already been successfully detected.
Finally, the tau neutrino identification technique using the neural network method is presented in [113] . Though now the OPERA experiment does not have a complete and commonly accepted procedure to per form multidimensional search for ν τ events, it is quite probable that this technique will be developed and employed in the near future.
CANDIDATES FOR THE ν τ INTERACTION IN THE OPERA EMULSION DETECTOR
In conclusion, we present diagrams of two so far recorded candidate events. A general view of one of them, observed in the τ → h decay channel, is shown in Fig. 18 . This event includes five charged hadrons emerging from the vertex, a track left by the tauon can didate that decays with production of a charged had ron and two gamma rays, and a neutral hadron that underwent elastic charge exchange. The enlarged region of the event vertex is shown in Fig. 19 . Figures 20-22 show the characteristics of the first candidate event considered here in the subsection "Characteristics of Background Events and Standard Selection Criteria for ν τ Interactions" and their simu lated distributions. Figure 20 depicts the measured values of the geometrical parameters-the short lived particle path length and the kink angle of the tauon candidate track-and their distributions for ν τ CC events calculated via simulation. The candidate event satisfies the selection criteria because the values of the parameters are beyond the hatched area (here the kinematic cut is imposed on only one parameter, the kink angle). The geometrical parameters in the emulsion are measured with a high accuracy, and the width of the vertical bands in the figure, which show the uncertainty of the parameters, is therefore small. Figure 21 shows two simulated distributions and values of other candidate event parameters: the momentum component of the short lived particle decay products orthogonal to the primary beam and Fig. 18 . General view of the first candidate event [87] . There are five hadrons (1-3, 5, 6 ) emitted from the primary vertex, and a short track 4 corresponds to a tauon candidate. Two showers from gamma rays (γ 1 , γ 2 ) and hadron 8 are decay products of a short lived particle. Track 7 has resulted from the neutral particle interaction in lead in the emulsion brick. Thin vertical lines are the emulsion layers. Arrows show the scale along and across the primary beam.
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the daughter particle momentum. The momentum reconstruction errors are considerably greater than the uncertainties of the direct geometrical measurements in the emulsion on which Fig. 20 is based, and the bands denoting the confidence interval of the parame ter values are therefore much wider. A considerable number of simulated events in both plots fall within the shaded area, which illustrates the necessity of using stringent kinematic cuts in the standard ν τ interaction search technique. Figure 22 shows the distributions of the total momentum orthogonal to the primary beam (missing transverse momentum) and of the azimuthal angle φ between the tauon candidate and the overall momen tum vector of the other hadrons originating from the primary vertex.
A general view of the second candidate event is shown in Fig. 23 . The tauon candidate has decayed with production of three charged particles; in addi tion, there is one more track originating from the pri mary interaction vertex.
CURRENT STATUS OF THE OPERA EXPERIMENT
The data collection in the OPERA experiment is soon to be over. The 2008 The -2012 As of July 1, 2012, the average expected number of the candidate events recorded in the OPERA emul sions and satisfying the standard selection criteria (see "Characteristics of Background Events and Standard Selection Criteria for ν τ Interactions") is ≈5.5. There fore, if the ν μ → ν τ oscillation do exist, recording of another one or two candidate events can be expected in the OPERA experiment in the near future. 
CONCLUSIONS
This review has presented the status of the investi gations on the direct search for ν μ → ν τ oscillation using the emulsion based OPERA hybrid detector.
The technique of the search for tau neutrino inter actions rests on the achievements of the OPERA pre decessors-DONUT, CHORUS, and NOMAD (first section). In the second section the neutrino source, the CNGS beam, is described and the structure of the OPERA detector is considered. The third, central, section of the review describes the algorithms for reconstruction and analysis of events, beginning with the signals from individual electronic detector sensors and single grains detected in the emulsion.
At the time of this publication, the OPERA exper iment is approaching the end of the data taking stage. Analysis of the part of the experimental data has revealed two tau neutrino interaction candidates in the emulsion detector (see the fourth section). The main sources of background, charmed hadron production and large angle hadron and muon scattering events, are thoroughly studied. The multidimensional tech nique to identify events triggered by ν τ will probably improve the signal to noise ratio and thus the statisti cal significance of the future results. 
